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Abstract 
An experimental campaign was carried out to investigate the applicability of the scratch test when studying the effect of CO2 
exposure on the mechanical strength of a Berea outcrop sandstone specimen. A water-alternating-gas scheme was chosen for a 
CO2 flooding tests, using super-critical CO2 and a 10% KCl brine. Subsequent bulk X-ray diffraction analysis showed decrease in 
feldspar and increase in dolomite content, when comparing the flooded specimen with dry and brine-saturated specimens. 
However, these mineralogical differences may be due to local heterogeneities rather than due to the CO2 treatment itself. Scratch 
testing was used to assess unconfined compressive strength; no significant reduction in strength could be observed for the CO2-
exposed specimen as compared to a specimen that was only saturated with 10% KCl brine. 
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1. Introduction 
The objective of the experimental study reported here was to assess whether exposing sandstone plugs to CO2, in 
a manner to maximize exposure over a short time, would have a measurable effect on the unconfined compressive 
strength by use of a simple rock mechanical method as the scratch test. CO2-water-rock interactions have been 
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reported in a number of studies  and a variety of chemical effects of exposing sandstone to CO2 have been suggested 
such as feldspar and carbonate dissolution as well as precipitation of clay minerals and various carbonate minerals 
[1]. However, the rock mechanical effects of these chemical reactions are far less investigated, which has been the 
main reason for testing a possible simple rock mechanical test scheme in combination with CO2 exposure 
experiments. The secondary objective has been to investigate, under the experimental conditions of the present 
study, whether CO2 injection for storage purposes in sandstone reservoirs could potentially cause a rock mechanical 
strength decrease, leading to compaction or even fracturing in parts of the reservoir. Fracturing of the near-well area 
could be beneficial in terms of allowing for larger injection volumes, but only if the fractures do not extend 
vertically so as to create possible leakage paths through the sealing caprock. As chemical changes typically require 
longer exposure timeframes than mechanical testing, it was decided to separate the exposure tests from the 
mechanical tests, ensuring controlled conditions for both, though it was not the purpose of the current project to 
investigate chemical reactions in detail. Scratch testing was adopted for the strength characterization, as it correlates 
well with unconfined compressive strength and can reveal strength variations along the tested plug. For slow 
chemical processes, only part of the plug might have experienced significant changes due to mineral dissolution 
or/and deposition. 
The experimental conditions during CO2 exposure were chosen in order to mimic reservoir conditions in a fairly 
shallow CO2-storage reservoir i.e. at approximately 1 km depth. Thus, a temperature of 40°C and a pore pressure of 
100 bar was chosen. Higher temperatures would possibly have increased the effect of CO2 exposure as chemical 
reaction kinetics generally increases with temperature. However, as the purpose was to apply the very simple scratch 
test method, we chose a temperature where water sampling and handling was easy and straight-forward.  
The flooding and exposure procedures were run at the Geological Survey of Denmark and Greenland (GEUS), in 
Copenhagen, Denmark on sandstone plugs prepared at SINTEF Petroleum Research (SPR) in Trondheim, Norway. 
The sandstone plugs were then re-examined with X-Ray CT scanning and X-Ray Diffraction (XRD) at the 
Norwegian University of Technology and Science (NTNU), and the scratch testing was performed at SPR. 
2.  Physical and chemical variations during CO2 flooding of a sandstone specimen 
The sandstone core flooding experiment was performed as preparation for subsequent rock mechanical testing (to 
be carried out to determine possible rock mechanical effects related to exposure of sandstone to CO2). The intention 
with the laboratory work at GEUS was to expose the tested specimen to as harsh a CO2 treatment as possible. 
 During flooding, physical and chemical data have been collected in order to be able to describe qualitatively the 
effect of the flooding as a supplement to the rock mechanical results obtained after CO2 exposure. 
 
2.1. Methodology 
 
The adopted procedure enabling the largest effect by CO2 exposure was to flood test specimens according to a 
WAG (water-alternating-gas) scheme at conditions where CO2 is supercritical (sc CO2), i.e. pore pressure above 7.4 
MPa and temperature above 31°C [2]. Furthermore, for any chemical reactions to possibly take place in the tested 
rock specimen during CO2 exposure, it was necessary to first saturate specimens with an aqueous solution. The same 
solution was also used for WAG flooding.  
The experiment presented here is a part of a larger project where different outcrop rock specimens of various 
origins are tested. Accordingly, there were no data available that could suggest an optimal fluid composition in 
relation to the outcrop rock types selected for tests in the research project. Therefore, it was agreed to use an 
aqueous KCl solution for all tests. Here, we focus on the sandstone flooding test only. 
There was a potential risk that the specimens (and especially the shale specimens) would disintegrate if the 
salinity of the KCl solution was too low; it was thus preferable to use a KCl solution with high salinity in the 
flooding experiments. However, we would in the same time, if possible, be able to measure chemical changes in the 
effluent from the flooding in order to qualitatively evaluate chemical changes caused by the CO2 exposure. For the 
latter purpose, it was preferable to have as low a salinity as possible for the KCl flooding solution. Therefore, a 
simple integrity test of the sandstone, shale and chalk specimens was performed. In the test, four specimens from 
each of the rock types were exposed to a solution containing 0%, 5%, 10%, and 15% KCl, respectively. 
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Subsequently, the specimens were left at room conditions for 2 weeks and photographed. The results of the simple 
test are shown in Figure 1. 
As seen from Figure 1, there was generally no problem with the integrity of the chalk and the sandstone 
specimens. For these two rock types, apparently any of the tested solutions may be used in flooding experiments. 
However, for the shale specimens, there were integrity problems (shown as dispersed clay in the containers), both in 
the batch with 0% and 5% KCl. Based on the simple experiment, 10% KCl was chosen for all flooding tests 
independently of the rock type, in order to rule out any possible effects caused by using different flooding liquids for 
different rock types. Only the sandstone tests will be presented here, but the additional testing at GEUS on several 
rocks thus explains the choice of 10% KCl brine. 
 
 
Fig. 1. Results of simple integrity test using various rock specimen types and various concentrations of KCl brine. (a) Chalk; (b) shale; (c) 
sandstone. From left to right in each photograph: 0, 5, 10 and 15 % KCl content. 
 
2.2. Flooding experiment 
 
CO2 WAG flooding was performed on a 1.5" diameter, 3" long Berea sandstone outcrop core plug (shown prior 
to flooding in Figure 2). Initially, conventional core analyses (porosity, bulk permeability, and average “grain 
density”) were carried out on all specimens, which were subsequently saturated with 10% KCl brine.  
Saturation with 10% KCl brine was performed by vacuum saturation using an Edwards E2M18 high vacuum 
pump. The vacuum saturation was carried out by first exposing the specimen to a vacuum of 2x10-2 mbara for 4 
hours. Subsequently, saturation with the brine was carried out under continued vacuum. Saturation was performed 
with the specimen in an upright position and by filling-in 10% KCl brine from a bottom-up direction. After the 
specimen was fully submerged in brine, it was left under a vacuum of 2x10-2 mbara for 48 hours before further 
treatment.  
c 
a b 
0 %         5 %       10 %       15 % 
  KCl 
0 %          5 %       10 %       15 % 
  KCl 
0 %        5 %       10 %       15 % 
  KCl 
0 %  
KCl 
5 %  
KCl 
10 %  
KCl 
15 %  
KCl 
0 %  
KCl 
5 %  
KCl 
10 %  
KCl 
15 %  
KCl 
0 %  
KCl 
5 %  
KCl 
10 %  
KCl 
15 %  
KCl 
364   Pierre Cerasi et al. /  Energy Procedia  86 ( 2016 )  361 – 370 
The saturated plug was wrapped with a layer of Teflon tape and three layers of tin foil, in order to prevent CO2 
diffusion through the rubber sleeve of the core holder used for the CO2 flooding. Subsequently, the specimen was 
mounted in a hydrostatic core holder and WAG flooding was carried out in an experimental rig at 40ͼC and 100 barg 
pore pressure (Figure 3). 
The net overburden pressure was 25 barg (Table 1). After mounting the specimen in the experimental rig and 
following application of the net overburden pressure, the rig was ramped to a pore pressure of 100 barg and a 
temperature of 40 ͼC. During this process, valve “AV1” remained shut in order to keep piping CO2 free (Figure 3).  
Hence, all dead volume was filled with 10% KCl brine. Once desired conditions were established, one PV of the 
brine was flushed through the specimen to secure saturation of fluid through the system. Then WAG cycles were 
initiated and performed as in the following steps: 
1. Three pore volumes (PV) of brine (10% KCl) injection. Produced fluid collected for analysis every one PV. 
2. Reclusion of brine cylinder and CO2 injection until no more liquid production was observed. All produced 
fluid collected for analysis. 
3. Reclusion of CO2 cylinder and repeat step 1. 
 
 
Fig. 2. Berea sandstone specimen prior CO2-WAG flooding. 
 
 
Water samples were collected continuously from the downstream end of the core holder during the entire 
flooding. Sampling was performed downstream a back pressure regulator (BPR) i.e. the fluid pressure was decreased 
from 100 barg to atmospheric pressure in one step before water samples were collected. As a consequence, some 
CO2 was allowed to degas from the water before samples for chemical analyses were collected. The result is a 
qualitative chemical dataset allowing only for qualitative assessment of chemical trends during flooding. The 
chemical components specifically associated with the aqueous carbonate system such as Ca, Mg, HCO3- and pH are 
supposed to be affected by this sampling technique. Quantification of the uncertainty associated with the sampling 
technique is not possible as the amount of CO2 degassing from the sample varies between samples. The collected 
water samples were filtered through 0.2 µm cellulose acetate (CA) filters and subsequently analyzed for content of 
major elements (except K) and several trace elements by inductive coupled plasma mass spectrometry (ICP-MS), 
while Cl- and SO42- contents were analyzed spectrophotometrically. Samples for ICP-MS analysis were preserved by 
adding 1% 7M suprapure HNO3 to the samples immediately after filtration. The exception was samples for Si 
analyses which were preserved with 10% 5M NaOH according to the procedure suggested by Rimstidt and Barnes 
[3]. The pH of the produced fluids was measured using a pH meter at the downstream end of the core holder and 
Gran-titration with 0.1 M HCl was used to determine the alkalinity (HCO3--concentration).  
The adopted flooding scheme for the Berea specimen was ten WAG cycles, initially applying various flow rates 
up to 200 mL/hr. For the last five WAG cycles, a constant flow rate of 75 mL/hr was applied during the brine 
flooding while for the CO2 flooding a flow rate of 50 mL/hr was applied. 
Following CO2 exposure at GEUS, the specimen was sent to SPR for further analysis. 
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Fig. 3. Experimental rig used for the CO2-WAG flooding. 
 
Table 1. Results of CCAL and NOBP used in flooding experiment. All CCAL data refer to average data for the specimen as 
measured on the bulk specimen. 
φ (%) PV (ml) Gas permeability 
(mD) 
Net overburden 
pressure (bar) 
19.64 16.95 192.79 +25 
 
 
2.3. Results from flooding test 
 
 During the flooding of the Berea specimen, the initial WAG cycles were used to test the system and further test 
the response of the specimen to several different flow rates. This initial phase did not provide much information 
available for later interpretation. From the 6th WAG cycle and in the remaining part of the experiment, the flow 
system in the specimen apparently changed, and higher differential pressures than in the preceding WAG cycles was 
measured during the part of the experiment where water flooding occurred (Figure 4). Although the measured 
differential pressure shows some scatter in the last part of the experiment, the general tendency is an increase in 
differential pressure immediately after the influent has been changed to brine and a subsequent decrease in 
differential pressure as the brine flooding proceeds. This pattern is typical for two-phase flow, and in WAG cycles 
#6, #7, and #9 the differential pressure never reaches a stable level, which indicates that all CO2 has not been flushed 
from the specimen before new CO2 is introduced. In contrast, the differential pressure reaches a stable level after 2-4 
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PV of brine flooding during WAG cycles #8 and #10, indicating that most CO2 has been removed from the specimen 
during these flooding cycles and that single phase brine flow is reached towards the end of these cycles. The exact 
reason for the apparently different flows taking place during different WAG cycles remains presently unexplained. 
In any case, the measured differential pressures during the WAG cycles correspond to effective permeabilities 
around 1 – 10 mD which is considerably lower than the initially measured gas permeability of 193 mD (cf. Table 1). 
Whether this is due to precipitation of minerals in the sample, compaction of the specimen, fines migration, or 
simply due to low saturation of the flooding fluid during this phase cannot be deduced from the present dataset. 
 
. 
Fig. 4. Flow rates and differential pressure as a function of pore volumes flooded during the ten CO2-KCl WAG flooding cycles for the Berea 
sandstone specimen. 
 
Alkalinity measurements from the flooding showed a steadily decreasing alkalinity (Figure 5) after each CO2 
flood and except from after WAG cycle #4 and #5, the relatively high alkalinity after the water flood suggests that 
there is a considerable amount of CO2 left in the specimen after each water flood and that chemical reactions may 
take place during the majority of the experiment. The lower alkalinities observed during cycles #4 and #5 are most 
likely occurring because no or very little CO2 is left in the specimen after the water flooding during these two cycles. 
This is also partly suggested by the differential pressure during these cycles (Figure 4) indicating that the highest 
effective permeabilities occurs during WAG cycles #4 and #5.  
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Fig. 5. Alkalinity of samples collected while flooding the Berea plug. The orange bars represent the samples collected during CO2 injection. Each 
bar in the figure indicates the taking of a water sample. As water samples were taken at irregular intervals, the unit of the x-axis is arbitrary, 
although the top shows to which WAG sequence the samples belong. 
 
 
3. XRD and scratch test results 
The Berea plug was shipped back to SINTEF after CO2 exposure and sent to NTNU for bulk XRD analysis. 
Table 2 shows the results of the XRD analyses on the Berea sandstone, comparing a dry specimen with one 
saturated in KCl and a third one having been subjected to CO2 WAG flooding.  
 Table 2. Result of XRD analysis of Berea sandstone plugs. 
Berea Sandstone Quartz K-
felds 
P-
felds 
Chl Kaol Mi/Ill ML Cal Sid Dol/Ank Sylvite/Kcl 
Dry 71.78 9.40 2.68 2.25 7.46 3.38 1.04 0.32 0.50 1.18 - 
KCl saturated 75.99 5.64 3.02 0.78 7.79 2.80 1.35 0.02 0.35 1.44 0.81 
KCl + CO2 WAG 75.20 4.50 1.80 0.30 7.40 3.30 0.80 0.20 0.70 5.30 0.30 
 
Abbreviations: K-felds: K-feldspar; P-felds: Plagioclase feldspar; Chl: Chlorite; Kaol: kaolinite; Mi/Ill: Mica/Illite; 
ML: Mixed Layer; Cal: Calcite; Sid: Siderite; Dol/Ank: Dolomite/Ankerite 
 
Figure 6 shows the obtained diffractogram, zooming in on the diffraction angle range where most differences are 
visible. It is clear from the XRD analysis that Quartz, Plagioclase Feldspar, Kaolinite, Mica/Illite, Mixed Layer and 
Siderite show similar values. On the other hand, K-feldspar, Chlorite, Calcite and Dolomite/Ankerite show notable 
differences. If these differences are due to minor sample heterogeneity, or due to the specimen having been exposed 
to the different fluids cannot be assessed at the present state [4]. Sylvite is KCl in natural mineral form; however, 
KCl precipitation (not in natural mineral form) is showing this peak in XRD analysis not Sylvite mineral. The 
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difference between specimens exposed under only KCl and KCl + CO2 can be seen in slight decrease in Feldspar 
and significant increase of Dolomite/Ankerite content in the WAG flow specimen (see Figure 6).  
The method chosen to check for changes in mechanical properties was the scratch test. A TerraTek Strength 
Index (TSI) system was used, which measures the normal and tangential components of the force applied to a cutter 
that makes a groove at a constant depth on the surface of a rock specimen [5]. The tangential force divided by the 
groove cross section yields the cutting specific energy, itself well-correlated to the more conventional unconfined 
compressive strength (UCS), for sedimentary rocks [6]. The cutting process itself, where the cutter is driven at 
constant velocity, yields a fluctuating tangential force with scraping distance. Running averages can provide local 
UCS values, such that strength variation on a local scale can be probed. By scratching repeatedly the same groove, 
one can both sample more of the interior as compared to the rock's surface and get a better overall averaging, 
yielding an overall UCS for the plug seen as a whole. 
The obtained scratch grooves are shown in Figure 7, where the tangential force signal is superimposed on the 
plug photograph. The force readings are converted to UCS values, for convenience. The average UCS values for the 
dry, KCl- and KCl + CO2-saturated sandstone plugs are given in Table 3. Successive reductions are registered, 
where the dry specimen is strongest, followed by the brine saturated and with the CO2-exposed plug being weakest. 
Whether the changes recorded in the XRD data are responsible for the UCS decrease is debatable, and in any case 
not more significant than the strength reduction associated with KCl saturation alone [7]. Heterogeneity between 
rock samples can be significant in terms of measured compressive strength, even though taken from the same rock 
block. For instance, it is not uncommon to measure a 25% difference in porosity between samples [8], which is 
reflected in strength variability as compressive strength correlates inversely with porosity [9]. 
Table 3. Result of scratch strength testing on Berea sandstone plugs. 
Specimen Estimated UCS [MPa] 
Berea sandstone dry 61.9 
Berea sandstone KCl-saturated 56.7 
Berea sandstone KCl+CO2 WAG 55.7 
 
4. Discussion and conclusion 
While exposure of diverse rock formations to CO2 flow has been shown to result in permeability changes [10] 
accompanying mineral dissolution and deposition [11], recent testing on the possible associated mechanical effects 
seem to show that no such effects are found [12]. Surprisingly, this seems to be also true for rocks with calcite 
cementing [13], prone to dissolution. The study presented in this paper also shows no dramatic reduction in 
sandstone strength, despite apparent changes in mineralogy and possibly also permeability, due to an aggressive 
CO2-flood procedure. Thus, for the studied c. 100 PV flood at reservoir conditions corresponding to a burial depth 
of c. 1 km, it seems likely that CO2 injection should not result in appreciable decrease in reservoir formation 
strength, provided injection pressure is kept below fracturing pressure. However, the testing presented here was 
conducted on one outcrop sandstone, and a very competent one at that. Other sandstone formations may have a 
larger proportion of grain cement which could dissolve in contact with CO2. For weakly consolidated formations, 
this could be significant. Future studies on a variety of rock types using the relatively simple exposure/rock 
mechanical scratch tests methodology applied here, could most likely be used to create a screening procedure of 
potentially safe and unsafe reservoir rocks for CO2 storage from a rock mechanical point of view. If the screening 
method could be used to establish a sensitivity catalogue, this could in the future serve as a prioritization tool for 
selection of rock types for more detailed rock mechanical studies, and may as such in the longer perspective help to 
increase the cost-effectiveness of CO2 storage in general.  
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Fig. 6. X-ray diffractogram of three Berea sandstone specimens. Red: dry specimen, Blue: specimen exposed to KCl and CO2 WAG and Green: 
specimen saturated with KCl. 
 
Fig. 7. Scratch test specific cutting energy signal converted to compressive strength by use of sandstone specific correlation. The signal is 
superimposed on photographs of the three Berea plugs. (a): dry specimen; (b): specimen saturated with KCl; (c): specimen subjected to KCl + 
CO2 WAG flooding. 
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